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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Eutrophication of aquatic systems is a growing problem (Carpenter et al. 1998; de 
Jonge et al. 2002). The nutrients typically limiting production are phosphorus (P), in fresh 
water systems, and nitrogen (N) in the ocean. Coastal estuary areas are considered a 
common transition zone (Correl 1998; Larsen et al. 2001). Anthropogenic use of N is 
altering the global cycle of nitrogen. Combustion of fossil fuels, production of N fertilizer, 
cultivation of N fixing plants, and domestic livestock operations all contribute to the 
alteration of the N cycle (Schlesinger and Hartley 1992; Galloway et al. 1995; Vitousek et al. 
1997). Humans have approximately doubled the rate of N input into terrestrial cycles 
(Galloway et al. 1995; Vitousek et al. 1997). This causes negative effects including acid 
rain, increased N transfer in rivers, and increased emission of the potent greenhouse gas N20 
in the atmosphere. There is strong evidence to suggest the increasing N input into the 
environment is accelerating the loss of plants adapted to efficient use of N and impacting the 
microorganisms and animals that depend on them. Increasing N levels in surface waters is 
suspected to be causing major changes in estuarine and coastal ecosystems (Vitousek et al. 
1997). 
Anthropogenic use of P is also influencing the global P cycle (Smi12000). 
Phosphorus fertilizer use has been increasing since the 1900's and rates of use have increased 
approximately 15 times the 19001eve1(Smi12000). Globally P inputs from fertilizer into 
ecosystems are greater than the amount crops remove from the ecosystem during growth. 
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This leads to a net increase in P levels in soils (Carpenter et al. 1998). Phosphorus storage in 
terrestrial and freshwater ecosystems is reported to have increased at least 75%from 
preindustrial levels (Bennett et al. 2001). Intensified land erosion from anthropogenic 
sources now accounts for at least 75% of the terrestrial nutrient flows of P and has tripled the 
rate at which P reaches streams (Smi12000). 
Phosphorus is of special concern because increasing P levels are causing an increase 
in phytoplankton and chlorophyll a levels (Pridmore and McBride 1984). An over 
abundance of P leads to trophic shifts in lakes and dictates the phytoplankton community. As 
trophic status shifts from oligotrophic to eutrophic the phytoplankton community biomass 
shifts to over 50% Cyanophyta when P levels reach 50 µg L-~ and Cyanophyta biomass 
continues to increase as P level rise (Watson et al. 1997). These large algae blooms are 
composed of cyanobacteria, some of which have the ability to fix atmospheric N (Turner et 
al. 2001). The amount of N fixation tends to be low in lakes with low P concentrations but 
can be significant (0.2-9.2 g N m 2 y 1) in eutrophic systems (Howarth et al. 1998). 
Cyanobacteria from increasing eutrophication levels cause a large number of other 
problems besides N fixation. Unsightly green lakes and foul smelling water negatively 
impact recreational users. Low dissolved oxygen, from excessive respiration, leads to the 
loss of many aquatic organisms including fish (Carpenter et al. 1998). Toxins produced 
during growth or decay of cyanobacteria can kill aquatic organisms and poison animals 
(Downing et al. 2001). Even when this water is processed in water treatment plants it still 
can pose a threat to human health. The high load of organic detritus can react with chlorine 
to form carcinogens known as trihalomethanes (Carpenter et al. 1998). 
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Nutrients enter aquatic systems from two main pathways. Point sources such as 
wastewater effluent, runoff from animal feedlots, storm sewer discharge, and sanitary sewers 
are single points of discharge which are easy to monitor. Since the point of discharge is 
known it is relatively easy to sample these sights. Nonpoint sources such agriculture 
practices, large logging operations, and atmospheric deposition are dif~ cult to monitor and 
quantify as the sources of pollutants may occur over large scale areas. Nonpoint sources of 
pollution are very important as they are now the main sources of N and P to most surface 
waters in the U.S. (Carpenter et al. 1998). 
Atmospheric deposition is a nonpoint source of pollution that has been focused on 
recently for contributing nutrients to surface water. Several studies have found atmospheric 
deposition contributes a significant amount of nutrients to surface water (Shaw et al. 1989; 
Cole et al. 1990; Jassby et al. 1994; Peters and Reese 1995; Larsen et al. 2001; Poleman et al. 
2002; Tamatamah et al. 2005). Atmospheric deposition occurs and is measured in two 
forms. The first form atmospheric deposition occurs in is wet deposition. This form includes 
all varieties of precipitation which fall from clouds. The second form atmospheric deposition 
is referred to as dry deposition. This form includes the dust in the air, particulate matter, or 
any gaseous element. Dry deposition occurs when particles either fall on a surface, or in the 
case of gaseous compounds, are absorbed into a surface (usually water). 
The way particles enter the atmosphere depends on the element. Phosphorus enters 
the atmosphere through land disturbances, pollen, burning, and wind (Cole et al. 1990; 
Jassby et al. 1994; Newman 1995). These disturbances maybe natural but are often 
anthroprogenically produced. Nitrogen enters the atmosphere in a similar fashion with the 
notable exception being ammonia (NH3). Ammonia has the ability to volatize and directly 
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enter the atmosphere. Domestic animals and fertilizer application have been a significant 
source in the anthropogenic increase of NH3 in recent times (Schlesinger and Hartley 1992). 
There are many different methods for measuring atmospheric deposition, which 
include funnels, bulk collectors, automated wet/dry collectors, filter packs, and mass balance 
(Lewis 1981; Shaw et al. 1989; Cole et al. 1990; Peters and Reese 1995; Hu et al. 1997; 
Larsen 2001; Sutula et al. 2001; Smith et al. 2004). The sampling devices associated with 
each method depend on the specific interest of the study. Some of the early studies only 
interested in rain deposition have used simple funnel devices set out during a rain event and 
collected immediately after the rain stops (Tabatabai and Laflen 1976). Funnels have also 
been used in the measurement of bulk (wet +dry) deposition (Lewis 1981; Shaw et al. 1989). 
This method makes the assumption whatever is deposited onto the funnel will stay there until 
the next rain event. Automated wet/dry collectors are useful in studies wanting to separate 
wet and dry deposition as wet deposition is collected in one bucket and dry deposition is 
collected in another (Peters and Reese 1995 ). 
Despite all the work done in the field of atmospheric deposition lingering questions 
remain unanswered. The atmospheric deposition literature has failed to adequately address 
several very important questions. These questions are: Can contamination of atmospheric 
samples by insects be quantified? Does deposition of local nutrients in "short-range" 
transport influence deposition rates? Does deposition of P differ between a wet and dry 
sampling bucket? What are the rates of deposition of N and P in Iowa and is there temporal 




This thesis is organized into four chapters. Chapter 2 is a manuscript to be submitted 
for publication in the journal Limnology and Oceanography Methods. It pertains to 
methodological uncertainties in the measurement of atmospheric deposition. Chapter 3 is a 
manuscript submitted for publication in Water, Air, and Soil Pollution. This chapter 
examines temporal trends and interannual variation of atmospheric deposition in an 
agricultural region. General conclusions and suggestions for further research are presented in 
Chapter 4. 
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CHAPTER 2. EVALUATION AND TESTING OF METHODS MEASURING 
ATMOSPHERIC DEPOSITION 
Timothy W. Blake and John A. Downing 
A paper to be submitted to Limnology and Oceanography Methods. 
Abstract 
Atmospheric deposition is an important source of nutrients to many ecosystems. 
Several methodological problems and contradictory results have been noted in the literature. 
These include the quantification of contamination, rates of dry deposition of nutrients on wet 
and dry surfaces, and short-range transport of nutrients. Bulk (dry +wet) sampling 
techniques are generally considered the most variable for estimating deposition rates. This 
maybe in part due to high contamination of passive samplers by birds and insects. This 
paper presents and evaluates new methods for quantifying and excluding contamination from 
samples. It also addresses deposition rates to different surface types and tests for short-range 
transport of nutrients into aquatic ecosystems. Preliminary results indicate that bulk 
sampling can provide acceptable estimations of atmospheric phosphorus deposition if 
contamination is quantified or excluded, a wet surface does not differ significantly from that 
of a dry surface for measurement of phosphorus, and that short-range transport of nutrients 
maybe insignificant. These findings allow for the use of low-cost bulk sampling designs to 
accurately measure deposition of atmospheric nutrients. 
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Introduction 
Atmospheric deposition can be an important source of nutrients for both terrestrial 
and aquatic ecosystems (Lewis 1981; Tamatamah et al. 2005; Anderson and Downing 2006). 
Historically, phosphorus (P) deposition through atmospheric processes has not been thought 
to be a major source of nutrients to ecosystems though very few studies have been done in 
agricultural areas characterized by high rates of disturbance (Tabatabai and Laflen 1976; 
Anderson and Downing 2006). However, P is often the limiting nutrient in many lakes so 
any additional input into the system maybe significant and lead to eutrophication (Carpenter 
et al. 1998; Arbuckle and Downing 2001; Bennett et al. 2001). This additional input of 
atmospheric deposition, even if slight, also has the potential to impact lakes with large ratios 
of lake surface area to watershed, especially during periods with little precipitation (Cole et 
al. 1990; Jassby et al. 1994). 
Nitrogen (N) deposition can also be an important source of nutrients for ecosystems. 
Humans have approximately doubled the rate of N input into terrestrial cycles (Galloway et 
al. 1995; Vitousek et al. 1997). The atmospheric input of N can be a significant source of 
nutrients to lakes (Shaw et al. 1989; Hu et al. 1997; Larsen et al. 2001). Nitrogen is very 
important because N:P ratios dictate phytoplankton communities especially in N limited 
systems (Larsen et al. 2001) and N is thought to be the principal limiting nutrient in the sea. 
In the United States, the National Atmospheric Deposition Program (NADP) 
monitors wet deposition, but only monitors inorganic nutrients in a nationwide network. 
Although inorganic phosphorus is thought to be most readily available to aquatic organisms, 
such as phytoplankton, total phosphorus (TP) input has been shown to be a significant source 
of atmospheric deposition and should be included more frequently in atmospheric deposition 
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studies (Gomolka 1975; Cole et al. 1990; Jassby et al. 1994; Newman 1995; Peters and Reese 
1995; Ahn and James 2001). 
The deposition of dry fall (dust in the air) and the nutrients contained in it maybe of 
equal or greater importance than wet deposition due to precipitation. Atmospheric inputs to 
ecosystems derive from a variety of sources including the burning of fossil fuels, forest Tres, 
wind erosion of soil, and dust from agricultural practices, and plant pollen (Cole et al. 1990; 
Jassby et al. 1994; Ahn and James 2001). Several studies have shown that dry deposition 
can contribute greater amounts of nutrients than precipitation (Newman 1995; Ahn and 
James 2001; Anderson and Downing 2006). 
There are many problems associated with the measurement of atmospheric nutrient 
loading. The most notable of these is contamination by insects and bird excrement (Peters 
and Reese 1995; Ahn and James 1999; Ahn and James 2001). Some (Peters and Reese 1995; 
Anderson and Downing 2006) have attempted to solve this problem simply by increasing the 
number of samplers deployed in order to increase the chances of collecting a suff cient 
number of uncontaminated samples for analysis. This approach is somewhat haphazard and 
is certainly costly. Most automated wet/dry samplers cost >$3000 dollars to set up, so 
providing multiple samplers at a single location maybe so expensive that it may not be 
feasible. One study made an effort to remove the effect of P contamination through outlier 
detection statistics based on linear regression, and still reported a value where the standard 
error was almost as large as the mean (Ahn and James 1999). Current studies simply remove 
contaminated samples from consideration (Pollman et al. 2002; Tamatamah et al. 2005; 
Anderson and Downing 2006), a strategy that leads to frequent missing data. 
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A second problem is the potential for contamination by locally derived particles being 
blown into samplers thus artificially inflating estimates of regional deposition rates (Pollman 
et al. 2002). Several authors (Lewis 1981; Likens et al. 1984; Jassby 1994; Tamatamah et al. 
2005) have indicated some degree of local resuspention ofnutrient-containing material into 
the air. Studies designed to minimize the influence of local resuspension of dust and 
particles have elevated their collecting instruments to 2-3 m above the surface of the ground. 
None of these studies actually attempted to estimate the degree to which local resuspension 
may bias standard nutrient deposition estimates. 
If local redeposition of dust is a problem deposition rates in the middle of a body of 
water could differ substantially from those recorded on shore. Particles have been shown to 
be a significant source of phosphorus to lakes (Cole et al. 1990). The literature is ambivalent 
concerning whether the short-range transport of locally derived particles alters measured 
deposition rates. Two studies have shown that measured deposition rates decreased as 
collectors were moved from shore to open water (Gomolka 1975; Cole et al. 1990) and 
another study has shown that measured rates of phosphorus deposition are lower and less 
variable when automated samplers were placed 15 m from the ground (Pollman et al. 2002). 
These studies diverge from another that showed no significant difference between deposition 
rates measured onshore and offshore (Shaw et a1.1989). 
A third methodological issue is whether dry deposition to a dry surface (the usual 
collection method) is the same as that that would be collected on a wet surface (e.g., a lake, 
stream, or ocean). Several studies have found significant differences in dry deposition rates 
between wet and dry surfaces (Gomolka 1975; Cole et al. 1990; Jassby et al. 1994). This 
may be because water is a more efficient particle trap than a dry surface at the bottom of a 
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bucket. Because many studies of atmospheric deposition relate nutrient deposition to water 
bodies (Gomolka 1975; Shaw et al. 1989; Cole et al. 1990; Jassby et al. 1994; Hu et al. 1997; 
Tamatamah et al. 2005) this is an important assumption. 
In this study, we address deposition estimation by direct methods, focusing on total 
nitrogen (TN) and total phosphorus (TP). There are several different methods for measuring 
atmospheric deposition, which include f lter packs, automated wet/dry collectors, bulk 
collectors, and funnels (Lewis 1981; Shaw et al. 1989; Cole et al. 1990; Peters and Reese 
1995; Hu et al. 1997). Filter pack methods were not included in this study as several 
assumptions about deposition velocities are needed for modeling deposition from these types 
of data. Here we evaluate one of the more common methods of direct estimation of 
atmospheric deposition (Peters and Reese 1995; Pollman et al. 2002; Anderson and Downing 
2006). We used automated wet/dry collectors that measure precipitation and dry deposition 
in separate buckets as well as bulk collectors that are continuously open to the atmosphere. 
Both the automated collectors and bulk deposition samplers used high density polyethylene 
(HDPE) collection buckets. 
Objective 
The overall objective of this study was to evaluate the influence of three 
methodological factors on calculated TP and TN deposition rates to aquatic ecosystems. 
Determining the degree of bias introduced bynon-atmospheric sources (insect 
contamination) was the primary goal. The second goal was to evaluate the degree of bias 
introduced by the short-range transport of terrestrial dust and particles. This was done in an 
effort to estimate net deposition rates to lake aquatic ecosystems. The third goal was to 
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determine whether dry deposition of nutrients to wet surfaces differs from dry deposition to 
dry surfaces. 
Materials and Procedures 
Lab Equipment preparation 
All samplers and sample buckets in contact with the samples were first cleaned and 
rinsed with phosphorus free detergent. The equipment was then triple rinsed through three 
tubs of deionized water, submerged in a tub of 10% HC1, and triple rinsed again through 
another three tubs of deionized water. The equipment was allowed to air dry and was placed 
in plastic bags and stored in a clean environment until use. Lids were tightly placed on 
buckets during transport and samples were processed the day of collection and analyzed for 
TP and TN the following day. 
Sample contamination by insects and short-range transport 
In an initial assessment of the potential nutrients that could be leached from mayflies, 
the principle insect found in the floating bulk samplers, was made by collecting 465 mayflies 
(Genus Caenis) for a controlled experiment. Average individual mayfly fresh mass (564 µg) 
was estimated by weighing 100 insects within 24 hours of capture. Three replicate samples 
containing 0, 5, 10, 20, 40, and 80 mayflies were tested in the lab, for nutrients, by letting 
them soak in buckets containing 2 liters (L) of deionized water for five days. This test period 
is referred to as "control" later in the report. This water was then analyzed for nutrients using 
the methods outlined below. Linear regression of leached nutrient versus the number of 
mayflies was used to estimate the addition of nutrients from the mayflies. Nutrient 
contributions by insects to field samples were assessed by regressing apparent nutrient 
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deposition rates as a function of the number of insects (I) found in bulk deposition samplers. 
The intercept of the regression is the estimated rate of deposition after the removal of the 
nutrients deposited by the insects. 
Two sets of tests were performed at a small (5.0 ha) pond completely controlled by 
Iowa State University (N 4662285,E 451745). (1) We tested the hypothesis that 
contamination rates of samplers by non-atmospheric sources were high, quantifiable, and 
therefore correctable. (2) We also tested the hypothesis that short-range transport of particles 
could be identified and corrected in atmospheric deposition samples. This pond is surrounded 
by approximately 100 m of grass buffer and is bordered by a few trees. There is a small 
gravel road along the pond shore on two sides. Outside the 100 m grass buffer, the terrain 
consists of turf grass, fruit trees, and a variety of experimental plots. This pond is not 
accessible to the public so floating samplers can be placed in the middle of the pond without 
being tampered with or creating a navigation hazard. 
Testing for the influence of contaminants and local dust resuspension entailed 
deploying a large number of samplers from the shore of the pond to the center of it. We 
constructed floating bulk deposition samplers because no commercial samplers were 
available. Each sampler consisted of an inner tube (0.9 m across when inflated) with a 
triangular wood platform holding three buckets (Fig.l). Buckets measured 0.35 m deep with 
a 0.062 m2 opening. This sampler was then anchored in the pond at distances of 0.5, 6.5, 20, 
and 50 m from shore. Samplers were arranged in three transect lines extending from the 
banks of the pond as perpendicular to shore as possible (Fig. 2). Samples were collected 
during a 3-5 day period at approximately two-week intervals. In order to examine bulk 
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deposition to both dry and wet surfaces, two buckets of the bulk sampler were randomly 
filled with deionized water and the other bucket was left dry. 
Plastic straws were attached extending 5 cm above the sides of the buckets to deter 
perching birds. The top of each sampler was 0.75 m above the level of the pond, which is 
high enough to prevent the collection of splashing pond water (Shaw et al. 1989). Tests of 
alkalinity and pH during a heavy rain (7 cm) confirmed this. All vegetation within 20 m of 
the samplers was trimmed at biweekly intervals to prevent plant parts from falling into the 
samplers close to shore. Samples were discarded if flotation was not sufficient to keep the 
collectors high above the water surface. Several of the inner tubes cracked from rubber 
degradation from exposure to the sun. Covering the inner tubes with colored plastic to 
prevent exposure to the sun remedied this problem. 
Three automated samplers, as used by the NADP, were positioned at the beginning 
of each transect line onshore (Fig. 2) to provide more comparisons between wet and dry 
collectors (see below) and to provide a comparison between automated samplers and the 
floating bulk samplers. Automated samplers had two buckets that were 0.35 m deep and 
0.062 m2 at the bucket opening which were located on top of a 1 m high table. A moisture 
activated sensor moved a lid from one bucket to the other when rain or snow was detected, 
allowing both dry and wet deposition to be collected. The sensor was heated to evaporate 
moisture, causing the lid to return to cover the wet deposition bucket after a precipitation 
event. The dry deposition bucket on two of the automated samplers was filled with 2 L of 
deionized water. The dry deposition bucket on the third automated sampler was left dry to 
compare dry deposition rates to wet and dry surfaces. These automated samplers were 
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installed following standard protocols, except that some automated samplers violated the 
NADP protocol because they were within 100 m of a small road (NADP 2005). 
Three, 1 m tall, bulk deposition samplers were placed onshore near automated 
samplers and fitted with screens to help avoid sample contamination. These screens were a 
Sefar Nitex screen (1130 µm opening; 57.5% open area), which were placed over the top of 
the buckets. Screens were placed below the lip of the bucket by several centimeters (5 cm) 
and were concaved. As with the floating samplers, two buckets were filled with 2 L of 
deionized water and one bucket was left dry. 
Bulk deposition was monitored from May to August at sites across the pond to 
estimate the relationship between distance from shore and deposition rates. Sampling 
periods were two weeks long; periods 1-5 occurred in the summer of 2004, and periods 6-11 
in the summer 2005. The nutrients collected were in the form of wet deposition (W) or rain 
only, dry deposition to a dry surface (DD), dry deposition to a wet surface (DW), bulk 
deposition to a dry surface (BD), and bulk deposition to a wet surface (BW). Bulk deposition 
samples are referred to considering their starting condition, even though precipitation events 
resulted in wet collection by BD for some part of their sampling period. 
When collecting samples, operators noted visible contamination. Samples with bird 
droppings were discarded as well as samples containing large insects (>5 mm length). This 
was slightly larger than the approximate size of mayflies (Ephemeroptera), not including 
tails. This was done because larger insects could potentially provide more and different rates 
of nutrient leaching than smaller insects. Samples with mayflies were analyzed for nutrients. 
We counted the number of insects in each sample and removed them with tweezers before 
nutrient analysis. 
22 
Short-range transport was estimated using a stepwise linear regression approach. 
Because the intercept of the relationship between nutrient loading and numbers of insects (I) 
constitutes an estimate of loading corrected for insect inputs (see above), the influence of 
distance from shore (D) on loading was estimated through analysis of covariance using 
number of insects as the covariable (I*D). The partial significance of D in the regression of 
loading as a function of terms I and D was used to estimate the significance of local materials 
in biasing atmospheric loading to water bodies. 
Dry deposition to wet and dry surfaces 
Automated samplers were used to test the hypothesis that a wet surface collects more 
dry TP and TN deposition than a dry surface. This hypothesis was tested on the roof of a 
building, 24 m above ground level, on the Iowa State University campus to avoid as much 
influence of insects, birds, and local dust as possible (Anderson and Downing 2006). 
Two automated samplers were used to evaluate differences between dry deposition to 
wet and dry surfaces (see description above). One to 3 L of deionized water were added to 
the dry deposition bucket depending on evaporation rates and required analyte concentrations 
for chemical detection. Samples were collected between April and November of two years at 
approximately weekly intervals. We used only samples without visible contamination. 
Fisher's exact test and a Wilcoxon signed-rank was used to compare dry deposition to 
a wet surface with that of a dry surface. A t-test was used to compare numbers of insects 
between samplers in dry periods. 
Lab processing, and chemical analysis 
Deionized water was added to all sample buckets to provide sufficient sample for 
analysis. Volumes were adjusted to keep concentrations within detection limits. Screens of 
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screened sampling buckets were rinsed with approximately 20 mL of deionized water. The 
sides and bottom of buckets were scrubbed with a brush and the water swirled before 
measuring collected volume. All samples were then stored at 4°C until analysis. Wet 
precipitation collection buckets from dry periods were also processed as above to check 
sampling equipment was free of nutrients. 
Total nitrogen was analyzed using second derivative spectroscopy (Crompton et al. 
1992), total ammonia (NHX-N) was analyzed with the Nessler method (American Public 
Health Association 1998), and TP was analyzed using the ascorbic acid method with 
persulfate digestion (American Public Health Association 1998). All statistical tests were 
preformed in JMP 5.1 (SAS Institute 2003). Significance was considered at p<0.05. 
Assessment 
Nutrient leaching from insects 
Insects contain substantial amounts of nutrients that are easily leached into deposition 
samples. Laboratory control experiments soaking dead mayflies (Caenis spp.) in deionized 
water quantified leachable nutrient levels (Fig. 3) for NHX-N, TN, and TP. Gaseous NH3 was 
absorbed by the water in the buckets. It also increased TN concentration levels as NHX is a 
form of N. No TP was found in the water of the buckets with 0 insects. 
The estimate of an individual insect's contribution to apparent TP deposition was 
derived from the slopes of regressions fitting number of insects vs. the total amount of P 
found in a sampler (Fig. 4). The estimated inputs are shown as well and varied little from the 
control. For the laboratory analyses, the amount of TP leached represented only 
approximately 0.3% of the insects' mass. Correlations for regressions of N against insect 
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numbers were not nearly as strong as those of the P regression. This maybe due to direct 
ammonia (NH3) loss and or uptake by water as it equilibrates with the atmosphere (Larsen et 
al. 2001; Poor et al. 2001). 
Sampler contamination 
Contamination by insects and birds was a significant source of bias in samples. Birds 
repeatedly perched on the automated samplers and deposited droppings into the buckets so 
we avoided this source by discarding many of our samples. The uncovered dry deposition 
buckets were most susceptible to bird contamination due to the large amount of time exposed 
to the atmosphere and lack of bird guards. 
A large amount of insect contamination occurred in both the automated samplers and 
bulk floating samples. Out of a total set of 353 samples from both bulk and automated 
samplers, only 49 (14%) were free of insect contamination. If one considers only bulk and 
dry deposition samples, only 23 (7%) were uncontaminated. The aforementioned samples do 
not include the bulk samples protected by screens since screens generally kept insects out. 
The bulk floating samplers' rate of bird contamination did not appear to be as great as 
automated samplers. The birds either did not like to sit on the floating samplers or the straws 
deterred perching. The straws around the bucket seemed to work on land, for screened bulk 
samplers as well, though they were not fool proof and only deterred perching. 
Mayflies were the primary source of contamination to the bulk samplers. Out of the 
1,739 insects that fell into floating bulk and automated samplers in 2005, 1,551 were 
mayflies (89%), but only five mayflies were collected in terrestrial automated samplers. 
Very few terrestrial insects (e.g., Coccinellidae and Caribidae) were observed in the floating 
bulk samplers, although they were common in terrestrial automated samplers. Terrestrial 
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insect contamination of terrestrial samplers is not representative of the terrestrial insect input 
into an aquatic ecosystem. 
A t-test showed that there was no significant difference between the numbers of 
insects caught by dry and wet bulk samplers on the pond (Table 1). However, Fisher's exact 
test revealed that buckets containing water were more likely to be subject to contamination 
due to insects than dry ones (p=0.0182; Table 2). Automated samplers on the rooftop also 
showed that the DW sampling buckets were more likely to collect insects than the DD 
sampling buckets (p<0.0001; Table 2). 
There maybe fundamental limitations to the use of passive precipitation sampling 
devices around water bodies. This is because mayflies are present in large numbers around 
water bodies, swarming is part of their breeding behavior (Brittain 1982), and swarms orient 
around objects (Savolainen 1978), especially pale ones (Ba112001). The buckets we used 
were white and attracted aggregations of insects. 
Quantification of field contamination 
Knowledge of the potential for insect contamination suggests a means of estimating 
atmospheric deposition in the presence of these contaminants. The technique is to account 
for the average contribution of insects by the regression of apparent deposition against 
numbers of insects. The y-intercept of this relationship (i.e., the deposition at zero insect 
contamination) would be the best estimate of atmospheric deposition. These regression 
relationships were almost always statistically significant (Table 3). Non-significant 
regressions arose when they were based on few insects, so the statistical significance was 
influenced by the limited scale, or, in the case of collectors that stayed completely dry 
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throughout the sampling period, on a lack of leaching. The best estimate of bulk deposition 
in these cases would be the mean deposition, uncorrected for insect contamination. 
The amount of P contributed from each insect during each sampling period (Fig. 4) 
was remarkably similar across different sampling periods. Some samplers contained insects 
other than mayflies and were exposed to much higher temperatures than the control 
experiment conducted in the lab. Other sources of variation might arise from the timing of 
insect entrapment in bulk samplers. They certainly flew in at diverse times, which may 
influence the amount of nutrient leached from them. 
Regressions performed over most of the periods for TN showed only weak 
correlations (r2 <0.20 in 13 out of the 22 tests) (Table 4). Algae quickly colonized the water 
contained in the buckets and were potentially cycling nutrients. Nitrogen could have either 
been leaving or entering the system based on the concentrations of NHX in the buckets 
throughout the day and the concentrations in the air. 
Screened bulk sampler exclusion of contamination 
Buckets with screens had deposition rates that were similar to deposition rates 
estimated using the regression technique shown above (Fig. 5). Data can be pooled from 
both BW and BD samplers (Table 5) because of the lack of differences in deposition rates of 
P between different sampling surfaces (see below). 
Short- range transport 
The existence of short-range transport collected by samplers on shore was tested by 
regression analysis of deposition as a function of insect numbers collected and distance from 
shore. Relationships between distance from shore and apparent deposition were only 
statistically significant (p<0.05) on two sampling occasions out of 22. The interaction term 
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between D and I was only statistically significant (p<0.05) during one occasion out of 22 
times. The two cases where distance from shore was a significant predictor of deposition 
were collections of bulk deposition to dry surfaces. The magnitude of deposition, when 
short-range transport appeared to be occurring (i.e., periods 7 and 11), was around a 100 µg 
m"z day ~ decrease from shore to the middle of the pond. This indicates that short-range 
transport, if occurring, can occasionally be as large as actual atmospheric deposition. 
Dry deposition to wet vs. dry surfaces using automated samplers 
Despite intensive data collection over two years, only seven of the DW samples from 
the automated samplers could be considered uncontaminated. The data was analyzed with a 
one-tailed Wilcoxon signed-rank test and found to show no significant difference for TP 
deposition (df=7, p=0.15). This test was one-tailed and assumed a wet surface would collect 
more TP. Further insight into deposition to dry and wet surfaces can be derived from 
comparisons of bulk deposition rates (Fig. 5). Although dry bulk collectors became wet 
when precipitation fell, the deposition rates are so similar between treatments, that it appears 
that any difference between dry deposition to wet and dry surfaces is masked by normal 
variability in P deposition. 
Discussion 
Contamination 
Several studies have indicated great variability among estimates of atmospheric 
nutrient deposition (Peters and Reese 1995; Ahn and James 2001). At least some of this 
apparent variability could be due to contamination of samples by insects. Regardless of 
whether atmospheric deposition samplers are efficient for collecting atmospheric deposition, 
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they are clearly efficient for collecting insects. Once insects are trapped, leaching of 
phosphorus and other nutrients can lead to substantial bias in atmospheric deposition 
estimates. This is important because if a sampler becomes contaminated with insects, there is 
no significant difference in the numbers of insects caught (Table 1), but a dry sampling 
surface is significantly less likely to become contaminated in the first place (Table 2). 
Atmospheric deposition estimates for TP would have been overestimated by an order 
of magnitude in some instances if the insect addition of TP had not been quantified. As the 
majority of the insects caught in the floating bulk samplers were aquatic, they should be 
considered more of a recycled component rather than net deposition, since they derived from 
the water body. They were not actual nutrient inputs from outside the aquatic system. The 
estimates would have also suffered from increased variability as the number of insects was 
not equal between samplers. This would have greatly increased the size of the 95% 
confMidence intervals. Finally the lack of quantification might have provided a false signal of 
short-range transport as the buckets closest to land in the littoral zone generally had the 
highest rates of insect contamination. 
Sampling duration in this study was four days and we experienced many sources of 
contamination. If samplers would have been deployed for week-long intervals, as is done in 
many routine analyses (Peters and Reese 1995; Anderson and Downing 2006), the degree of 
contamination would have been considerably greater. This begs the question of whether any 
unbiased estimates of atmospheric nutrient deposition exist in areas where insects can 
contaminate samples. Several larger literature reviews (Newman 1995; Pollman et al. 2002; 
Anderson and Downing 2006) place these summer time deposition rates of P approximately 
in the middle of deposition estimates if extrapolated to an annual interval. Previous research 
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in this area has found TP deposition to vary temporally with highest rates occurring in the 
spring with summer rates being higher than winter (Anderson and Downing 2006). Our year 
long estimated deposition TP deposition rate of 40,697 µg m-2 year 1 ignores any temporal 
trends. 
Short-range transport 
Terrestrial dust deposition did not seem to lead to large biases in our samples. In fact, 
we rarely found any trend in shore vs. mid-pond estimates of atmospheric deposition. The 
published study (Cole et al. 1990) in which short-range transport of a large magnitude 
appeared was conducted in an area where the lake was surrounded by forest. Plant particles 
were frequently noted in deposition samplers, so this may account for some of the trend. The 
fact that we found little short range deposition suggests that land-based estimates of 
atmospheric deposition may accurately reflect the deposition of nutrients to water bodies. 
There were only two periods when measured deposition declined with distance from shore. 
It is thought this deposition signal is from chance alone as it only occurred on the floating dry 
bulk deposition samplers, which use half as many points as the floating wet bulk deposition 
samplers, when testing for this trend. 
Dry deposition to wet and dry surfaces 
It seems logical to measure dry and bulk deposition using a bucket with a wet surface 
if one is interested in nutrient deposition to water bodies. The problem is that it greatly 
increases the chance of insect contamination. Even when using dry buckets, some insects are 
likely to be caught and subsequent rainfall might lead to leaching of nutrients from insects. 
Although every effort was made to remove entire insects from dry buckets, inevitably some 
insects stayed in buckets long enough to practically bake them onto collection surfaces. 
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This study indicates that dry bucket collection surfaces, regardless of whether they 
are collecting bulk or dry deposition are better than wet surfaces when insect contamination 
is possible. If uncontaminated samples can be obtained, there is no reason not to use wet 
surface collectors, but there seems no substantial advantage in doing so. Another important 
issue to note is due to low r2 values and lack of significance in the model term I, a DW 
bucket for measuring NHX or TN is not an effective way to measure these analytes. Though 
some newer studies account for all factors in NHX deposition (Larsen et al. 2001; Poor et al. 
2001) older works (Jassby et al. 1994) that reported deposition of N to a wet surface should 
be viewed with caution. The NH3 uptake or off-gassing by a lake will be much different than 
what takes place in the sampler because of differences in temperature and pH. High 
atmospheric concentrations of NHX do not necessarily imply high deposition rates to bodies 
of water, depending upon NHX generation, pH, and temperature of a water body. In reality, 
there can be periods of net NH3 loss from bodies of water (Larsen et al. 2001; Poor et al. 
2001). Even SRP deposition to a wet surface compared to TP is somewhat suspect because 
of uptake by microorganisms and the potential for cycling into particulate matter. 
Phosphorus fortunately is not nearly as mobile as N and it cannot leave the sampler, once 
trapped. The means TP estimates of uncontaminated data should be reliable. 
Comments and Recommendations 
Regression technique 
We propose that in light of the inevitability of contamination of deposition samplers 
by materials like insects and plant parts, that a fruitful approach to estimating atmospheric 
deposition is the quantification of contamination. We did this using insect counts since 
31 
insects were fairly similar in size and were our major contaminant. We also proposed a 
multiple regression approach to the j oint estimation of the influence of both insects and 
contamination by terrestrial dust. The latter technique was unable to detect land-generated 
dust, either because it was not a large source of contamination or because the variation 
introduced by insects was too great to permit detection of any secondary effect. Mayflies 
tended to land in a single bucket on floating bulk deposition samplers, leaving the others 
relatively uncontaminated. This increased the variance in deposition estimates making it 
difficult to detect influences of other variables. Further, we noted large differences in the 
types of insects contaminating samplers on shore and on the water. This suggests that 
contamination observed on water may not be equivalent to that observed on land. 
If the floating bulk samplers would have been designed with only one bucket, the 
results of this study might have been very different and the potential of not having enough 
sampling points would have been problematic. The samplers outside the littoral zone 
generally had the fewest mayflies in the samplers. If a sampler with one bucket had been 
used it's very possible short range transport, of large magnitude, would have been detected 
and a large part of the TP in the buckets would have come from the mayflies. This would 
have potentially led to the erroneous conclusion short range transport of a large magnitude 
occurred as the effect of mayfly phosphorus addition might not have been quantifiable. 
Fortunately the mayflies generally congregated in large numbers in one bucket leaving the 
bucket right beside it with only a few mayflies. There may have been a correlation with 
distance from shore and number of mayflies. All floating deposition samplers should, in 
future, be placed further than 50 m away from shore in one big group. Moving the samplers 
away from shore would return more uncontaminated samples and the regression approach 
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would be less necessary. These small samplers may not work well in large bodies of water 
with large waves, however. 
Finally, the lack of short-range transport found in our study may not be true in all 
areas. Although Iowa is a fairly dusty environment (US-EPA 2004), our sampling area had 
nearly 100% plant coverage except a small gravel road. Our samplers may have been less 
susceptible to dust resuspension than other areas. Places with different soil types might also 
yield different results. Preliminary testing in those areas could be conducted with simply a 
few floating samplers placed in the middle of the lake. Iowa, however, is a moderately dusty 
location (US-EPA 2004) and the lack of detection in this location indicates non-plant particle 
short-range transport is probably insignificant at sites with ground cover similar to our study. 
Screened bulk sarnple~ data 
The screened bulk data suggest that these estimates are very similar to those obtained 
from the floating bulk sampling stations corrected for insect contamination. Contamination 
is a serious issue when using a bucket to make estimates of deposition in ha. Small errors 
can be magnified by using erroneous estimates to a small area and expanding them to a large 
area. This could lead to large errors in estimates. If an estimate of atmospheric deposition 
was miscalculated for a large lake (e.g., Lake Tahoe; area 50,100 ha) by just 50 µg m-2 day 1
(e.g., 5 mayflies) the error in the yearly estimate of aerial deposition would be 18,250 µg m-2. 
The estimate for the lake itself would be in error by 9,000 kg. Great care must be taken when 
applying atmospheric deposition estimates to large areas. Screened bulk samplers could be 
low cost, reliable, and accurate sampling devices. Although more testing is needed there is 
strong evidence to suggest that screens keep insect contamination low without significantly 
influencing deposition rates. 
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Table 1. T-table comparing dry floating bulk samplers to wet floating bulk samplers for 
number of insects caught during periods of no rain. Periods of no rain were analyzed to 
avoid the confounding effects of rain causing the dry floating bulk samplers to have water in 
the bottom of the sampler. All assumptions for a t-test were met and the mean number of 
insects is the average of all data points. 
Period d.f. t-statistic p-value Mean Number of Insects 
S 33 -1.02 0.31 12.1 
8 21 0.52 0.61 2.5 
9 24 0.02 0.98 9.0 
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Table 2. This data was used for the Fisher's exact test comparing wet and dry surfaces for 
dry deposition. The data from the Horticulture Pond is from times when no rain occurred; 
Periods 5, 8, and 9. The data from the automated rooftop samplers was taken from March to 
November in 2004 and March to August in 2005. 
Sampling Sampler Insects in 
Location Surface Sample 
Yes No 
Horticulture Pond Dry 23 6 
Wet 53 2 
Rooftop Dry 5 25 
Wet 28 1 
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Table 3. Significance levels for the linear regressions between the number of insects found 
in the bulk samplers and the apparent deposition of TP in summer of 2004 and 2005. No rain 
was deposited during periods S, 8, and 9. The r 2 is the regression of the model term I 
(number of insects). The p-value of the term I reflects if the prediction for the slope of the 
regression line is signif cantly different from zero and significance is indicated by a "*". The 
range of insects in the sampler reflects the range of the regression line. The column n is the 
number of observations used in calculating the regression line from model term I. 
Wet Bulk Deposition Dry Bulk Deposition 
Model Range of Model Range of 
Period r2 n Term I Insects in r2 n Term I Insects in 
p-value Sample p-value Sample 
1 0.59 17 0.0003* 1-34 0.81 9 0.0008* 0-21 
2 0.92 20 <0.0001 * 0-46 0.8 8 10 <0.0001 * 0-46 
3 0.85 21 <0.0001 * 1-69 0.95 10 <0.0001 * 2-71 
4 0.72 19 <0.0001 * 2-13 0.44 9 0.05 2-22 
5 0.78 23 <0.0001 * 5-59 0.07 12 0.41 0-25 
6 0.93 19 <0.0001 * 1-69 0.97 10 <0.0001 * 1-13 5 
7 0.64 19 <0.0001 * 0-18 0.24 10 0.15 0-4 
8 0.93 17 <0.0001 * 1-45 0 9 0.96 0-43 
9 0.02 14 0.61 0-9 0.61 9 0.01 * 0-7 
10 0.79 15 <0.0001 * 2-170 0.34 7 0.17 1-18 
11 0.69 13 0.0004* 8-31 0.1 7 0.17 8-60 
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Table 4. Significance levels for the linear regressions between the number of insects 
found in the bulk samplers and the apparent deposition of TN in summer of 2004 and 2005. 
No rain was deposited during periods 5, 8, and 9. The r2 is the regression of the model term I 
(number of insects). The p-value of the term I reflects if the prediction for the slope of the 
regression line is significantly different from zero and significance is indicated by a "*". The 
range of insects in the sampler reflects the range of the regression line. The column n is the 
number of observations used in calculating the regression line from model term I. 
Wet Bulk Deposition Dry Bulk Deposition 
Model Range of Model Range of 
Period r2 n Term I Insects in r2 n Term I Insects in 
p-value Sample p-value Sample 
1 0.07 17 0.29 1-34 0.14 9 0.32 0-21 
2 0.02 20 0.53 0-46 0.61 10 0.01 * 0-46 
3 0.28 21 0.01 * 1-69 0.09 10 0.40 2-71 
4 0.02 19 0.53 2-13 0.04 9 0.60 2-22 
5 0.30 23 0.0069 5-59 0.36 12 0.04 * 0-25 
6 0.67 19 <0.0001 * 1-69 0.30 10 0.10 1-135 
7 0.13 19 0.13 0-18 0.04 10 0. S 7 0-4 
8 0.01 17 0.74 1-45 0.03 9 0.65 0-43 
9 0.27 14 0.06 0-9 0.44 9 0.05 0-7 
10 0.03 15 0.52 2-170 0.51 7 0.07 1-18 
11 0.11 13 0.27 8-31 0.14 7 0.41 8-60 
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Table S. Deposition rates of TP for screened buckets on shore near the west automated 
samplers in the summer of 2005. Periods 8 and 9 the buckets were totally dry as no rain 
occurred. The number in front of the sampler indicates which sampler it was (1, 2, or 3) and 
whether the bucket had deionized water in the bottom initially (Wet indicates deionized 
water). Two buckets were initially loaded with deionized water at each station and are 
denoted by the column surface type. All insects that contaminated these samplers were 
extremely small. 
Period Site Surface Type TP Deposition Number of Insects 
(µgm 2 day ~) in the Sampler 
8 2 Dry 5 7 1 
8 2 Wet 69 0 
8 2 Wet 52 0 
9 1 Dry 68 1 
9 2 Dry 95 0 
9 2 Wet 65 0 
9 3 Dry 5 8 0 
9 3 Wet 63 0 
9 3 Wet 79 0 
10 1 Dry 107 3 
10 2 Wet 121 1 
10 3 Dry 99 1 
11 1 Dry 67 2 
11 2 Wet 75 1 
11 2 Wet 56 0 
11 3 Wet 48 1 
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Figure Legends 
Figurel. Floating bulk sampling equipment at the Horticulture Pond site near Gilbert, Iowa. 
Figure 2. Aerial layout of the floating bulk sampler locations on the pond. At the beginning 
of each transect on land automated samplers were placed (blue dots). The southwestern 
(western) transect is where the screened bulk samplers and automated samplers were setup 
next to each other (yellow dot). 
Figure 3. Relationship between the numbers of dead mayflies soaked in water and the 
nutrient content of the water. Dashed lines indicate 95% confidence intervals for the 
prediction. 
Figure 4. The amount of TP that each insect contributed to the sample was estimated for 
each period and 95% confident intervals were constructed. This represents floating wet bulk 
and floating dry bulk deposition data only. The control period indicated the amount of TP 
leached from buckets in the indoor experiment when only mayflies were added to water. 
Figure S. TP deposition estimates constructed from the linear regression lines and 95% 
confidence intervals for deposition rates. Periods 5, 8, and 9 were truly dry periods during 
which no precipitation occurred. 
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CHAPTER 3. INTERANNUAL ATMOSPHERIC 
DEPOSITION RATES IN THE AGRICULTURAL 
MIDWESTERN UNITED STATES 
A paper to be submitted to Water, Air, and Soil Pollution 
Timothy W. Blake and John A. Downing 
Abstract 
Atmospheric deposition is an important transport pathway for many nutrients. It 
could potentially be of greater significance in a highly agricultural region. The purpose of 
this project was to satisfy several important information gaps: (I) to characterize temporal 
variation and rates of atmospheric deposition for phosphorus (P) and nitrogen (N) in a highly 
agricultural region and (II) to determine if atmospheric deposition rates differ between a dry 
and wet collecting surface. Temporal trends in P deposition show agricultural disturbances 
influence deposition rates. Nitrogen deposition rates, especially for total ammonia (NHx), 
show atmospheric transport of N is very important and maybe higher in agricultural regions 
than in non-agricultural regions. Deposition rates for different collection surfaces did not 
show significant variation for P deposition but different collection surfaces did significantly 
influence N deposition. Atmospheric transport is an important source of nutrients and could 
be significantly impacting aquatic systems. 
1. Introduction 
Atmospheric deposition can be an important source of nutrients for both terrestrial 
and aquatic ecosystems (Lewis, 1981; Cole et al., 1990; Jassby et al., 1994; Ahn and James, 
2001; Anderson and Downing, 2006). Historically, phosphorus (P) deposition through 
atmospheric processes has not been thought to be a maj or source of nutrients to ecosystems, 
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though very few studies of it have been performed in the agricultural central United States 
(Tabatabai and Laflen, 1976; Anderson and Downing, 2006). Phosphorus is often the 
limiting nutrient in lakes so any additional input into the system maybe significant (Jassby et 
al., 1994; Arbuckle and Downing, 2001). This additional input of atmospheric deposition 
has the potential to impact lakes with large lake surface area to watershed ratios. 
Atmospheric P input can be significant, in the form of dry deposition (e.g., dust, pollen) and 
greatly effect lake nutrient budgets especially during times with little precipitation (Cole et 
al., 1990; Jassby et al., 1994). Furthermore, atmospheric deposition of P may be increasing 
in agricultural regions as a recent soil test revealed over 60% of soils tested high for P 
content (Fixen, 2002). This is important because agricultural activities disturb the soil. 
Increasing P levels in soil may cause increasing deposition rates of atmospheric P if a 
primary transport mechanism of atmospheric P is wind blown soil. Phosphorus and other 
nutrients enter the atmosphere from a variety of sources including wind erosion of soil, dust 
from agricultural practices, the burning of fossil fuels, forest fires, and plant pollen (Cole et 
al. , 1990; Jassby et al. , 1994; Ahn and James, 2001). 
The United States National Atmospheric Deposition Program (US-NADP, 
http://nadp.sws.uiuc.edu/) monitors wet deposition but monitoring stations can be spaced 
over 100 km apart and monitor inorganic nutrients. Although inorganic P is more readily 
available to aquatic organisms, such as phytoplankton, total phosphorus (TP) input has been 
shown to be a significant source of atmospheric deposition and should be included in any 
atmospheric deposition study (Gomolka 1975; Cole et al., 1990; Jassby et al., 1994; Newman 
1995, Peters and Reese 1995; Ahn and James 2001). 
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Also of significance is total nitrogen (TN) deposition. Human alteration of the N 
cycle has approximately doubled the TN input to terrestrial ecosystems (Vitousek et al., 
1997). Burning of fossil fuels is the primary source of all of the anthroprogenically emitted 
nitrogen oxides (NOX). Ammonia (NH3) is both used as a fertilizer and released during 
animal husbandry though burning biomass is also thought to be an important source 
(Schlesinger and Hartley, 1992). Prior studies have been conducted (Tabatabai and Laflen, 
1976; Anderson and Downing, 2006) and this study will provide another independent 
comparison with US-NADP data. This study differs from the US-NADP National Trends 
Network as dry deposition will be measured along with organic nutrients. 
Although data on wet deposition (W; precipitation) rates are emerging, dry deposition 
can apparently contribute equal or greater amounts of nutrients (Shaw et al., 1989; Newman, 
1995; Ahn and James, 2001; Tamatamah et al., 2005). Techniques for measuring dry 
deposition are not well established (Blake and Downing, 2006) and are hampered by the high 
variability observed in deposition to different types of surfaces, and even the high variability 
within the same collection surfaces (Peters and Reese, 1995; Anderson and Downing, 2006). 
The effects of turbulence and surficial properties of samplers also contribute to the variability 
seen in deposition estimates (Lovett, 1994). Since dry deposition maybe an important means 
of transport to waterbodies and moist landscapes, dry deposition to wet surfaces (DW) may 
be more relevant than dry deposition to dry surfaces (DD) (the usual collection method) 
(Gomolka, 1975; Lewis 1983; Cole et al., 1990; Peters and Reese, 1995; US-NADP, 2005). 
Boundary-layer resistance governs depositional velocities, but a dry surface imposes an 
artificially high aerodynamic resistance which may cause an underestimation of actual 
deposition rates (Jassby et al., 1994). 
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1.1 Objectives 
The primary objectives of this study were to quantify temporal deposition rates and 
trends in TP, TN, and total ammonia (~L~HX-N) deposition in a highly agricultural region. The 
secondary goal was to determine what effect wet surfaces have on apparent atmospheric 
deposition rates and determine average deposition rates in this agricultural region. 
2. Materials and Methods 
Total phosphorus deposition measurement in an agricultural region was the primary 
goal of this particular study and the decision was made to use bulk sampling techniques 
(outlined below) in the winter. Total nitrogen and NHX were also measured. Deposition 
routes of interest were dry deposition to a dry surface (DD), dry deposition to a wet surface 
(DW), and precipitation (W). 
2.1 Sampling procedure and locations 
The site, located in Ames, Iowa, used two automated samplers identical to the US- 
NADP (2005) which collected both dry deposition and wet deposition. These automated 
samplers consisted of two polyethylene buckets, 0.3 5 m deep and 0.0615 m2 at the bucket 
opening, placed on a meter high table. A moisture activated sensor moved a lid from one 
bucket to the other when rain or snow was detected. This allowed both dry and wet 
deposition to be measured. The sensor was equipped with a heater which evaporated the 
moisture. After all moisture was evaporated, the lid returned and the dry bucket was exposed 
to collect dry deposition. However, due to the inability to effectively collect snow and 
mechanical problems, the samplers were unplugged during winter and recorded both dry and 
wet deposition in the same bucket as "bulk" collectors. One to three liters (L) of deionized 
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water were added to the dry deposition bucket on one of the two samplers depending on 
evaporation rates. This was done to mimic the surface of a lake. This sampling site was 
monitored all year for three years at approximately weekly intervals during most of the year. 
The study location was the 24 m high rooftop of the Science II building, on the Iowa 
State University campus in Ames, Iowa (N 4653310E 446498, NAD 1983). This site was 
chosen due to its height above the ground in an attempt to remove measurement of locally 
derived dust particles should any local transport be occurring (Blake and Downing 2006). 
2.2 Sample processing and analysis methods 
All equipment in contact with the samples was first cleaned and rinsed with 
phosphorus free detergent, then triple-rinsed through three tubs of deionized water, 
submerged in a tub of 10% HC1, and triple rinsed again through another three tubs of 
deionized water. The equipment was dried and was stored in plastic bags until use. Lids 
were tightly placed on buckets during transport and samples were processed the day of 
collection and analyzed for TP, TN, and NHX within 24 hours. 
When collecting samples operators took note of any contaminates (e.g., insects, bird 
droppings) in the sampler. Only samples during periods when both the dry deposition and 
wet deposition buckets were uncontaminated were used in the analyses presented here. If 
samples were found contaminated in a given week the subsequent uncontaminated sample 
used to estimate deposition for the prior week. At sample collection, the sides and bottom of 
buckets were vigorously scrubbed with a nylon brush. The water was then swirled around 
three times and poured into a graduated cylinder where the volume of sample was recorded. 
Samples were stored at 4°C until analysis. The precipitation buckets were collected from the 
automated samplers during periods of no rain and processed as above. 
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Analysis of TP, TN, and NHX was performed using standard methods. All samples 
were run in triplicate with calibration standards run prior to the samples. Total nitrogen was 
analyzed using second derivative spectroscopy (Crumpton et al. , 1992), NHX was analyzed 
with the Nessler method (American Public Health Association, 1998), and TP was analyzed 
using the ascorbic acid method with persulfate digestion (American Public Health 
Association, 1998). The TN analysis failed during one week, out of the three years we 
monitored, so NHX values, a large component of TN, were substituted for TN during that 
week. 
Atmospheric nutrient deposition rates (µg or mg m"Z d"~) were calculated from the 
concentration of nutrient in the sample (µg or mg L-~) multiplied by the volume of sample (L) 
to yield µg or mg of nutrient deposited. Deposition rates were adjusted to unit area and time 
by dividing deposition by the surface area of the sampler (m2) and the number of days each 
sample had been deployed (d). Yearly deposition rates for TP were calculated by summing 
dry and wet daily deposition rates times the number of days samplers were deployed. All 
statistical tests were preformed in JMP 5.1 (SAS Institute, 2003). The Wilcoxon signed-rank 
test was used to compare deposition rates between precipitation and dry samples. 
Significance was considered at p<0.05. 
3. Results 
3.1 Yearly TP Deposition Estimates 
The yearly trends for TP in 2003, 2004, and 2005 (Fig. l) show an annual temporal 
trend in deposition rates. Total phosphorus deposition was lowest in winter and highest in 
the spring, showing a slight decrease in summer, and peaking again in fall. The final 
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estimate of annual TP deposition was 32,667 µg m-2 year-1, 24,630 µg m-2 year 1, and 30,246 
µg m-2 year 1 in 2003, 2004, and 2005. 
3.2 Precipitation Estimates 
Wet precipitation data (Fig. 2) for 2004 and 2005 for TP, TN, and NHX-N shows 
actual nutrient concentrations in the precipitation. Washout of nutrients from the atmosphere 
is clearly indicated (Fig. 2) because nutrient concentrations appear diluted as the amount of 
precipitation increases. As precipitation amount increased, nutrient deposition also increased 
(Fig. 3). This was true for all nutrients. 
3.3 Different surface type estimations and average deposition rates 
Dry deposition contributed a greater amount of nutrients than wet deposition (Table 
1) especially for TP. Average deposition rates of TP, TN, and NHX-N showed that NHX was a 
large component of wet deposition. NHX-N comprised 68% of the TN deposition indicating 
high amounts of NHX-N were present in most of the rainfall samples. 
Unfortunately, due to contamination problems (mainly insects) only 7 samples were 
available to test for differences between dry deposition to wet and dry surfaces (Table 2). 
The Wilcoxon signed-rank test of the different nutrients to different surfaces showed a wet 
and dry surface do not significantly differ for TP deposition using a one tailed test. Total 
nitrogen and NHX-N differ significantly between a DW and DD collecting surface using the 
same one tailed approach (Table 2). Interestingly, TN deposition rates between a wet and 
dry surface after subtracting NHX-N from deposition and adding particulate only dry 
deposited NHX-N causes the TN deposition rates to become insignificant (Table 2). This 
comparison makes it possible to remove the input of gaseous NH3 from TN estimates. This 
again shows NH3 deposition is a large part of TN deposition to DW surface. 
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Particulate dry deposited NH4+ in 2003 was calculated to be 63.6 mg m-2 year 1. The 
average deposition rate was 0.184 mg m-2 day 1. The combined 2004 and 2005 avera e g 
deposition rate was 0.139 mg m-2 day 1. 
4. Discussion 
4.1 Annual TP Deposition Estimates 
Our results are remarkably similar to those of Anderson and Downing (2006) who 
estimated TP deposition in the same region to be 32,667 µgm 2 year 1 in 2003. Newman's 
(1995) review of atmospheric P deposition shows that in many studies, apparent high 
deposition rates were erroneous or technically unsound. He concluded that a value of 
250,000 µg m z year ~ or greater is highly suspect and astronomically high rates of deposition 
are often attributable to contamination (see also Blake and Downing 2006). Our estimated 
TP deposition rates fell in the middle to low range of values estimated elsewhere (Newman, 
1995; Pollman et al., 2002). Furthermore, the annual temporal trend we observed replicates 
the pattern described by a study in the same region (Anderson and Downing, 2006). 
Phosphorus deposition clearly exhibits a temporal trend in Iowa. It is highest in spring, 
slowly declines in summer, and has a slight peak in the fall (Fig. 1). 
Previous studies attribute these nutrient spikes to agriculture activities disturbing the 
soil (Shaw et al., 1989; Anderson and Downing, 2006). Our study also correlates well with 
peak agricultural activates in this region. Peak planting activity usually occurs in May with 
peak harvest activity occurring in October (USDA, 1997). These months correspond with 
deposition spikes of TP (Fig. 1). Rates of deposition during summer were still higher than 
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rates of deposition in winter. During the summer many plants are producing pollen, so 
pollen may contribute some nutrients. 
Dry deposition is as important, if not more so, than wet deposition. Our data 
indicates that dry deposition contributes more P than wet deposition but automated wet/dry 
samplers may underestimate precipitation contributions and over-estimate dry deposition. A 
potential example is the low point in summer deposition rates during this study in 2004 (Fig. 
1). This point represented a time when no rain occurred and very low deposition rates were 
recorded. Deposition rates then increased to higher levels the next week when rain occurred. 
The problem with automated samplers is that until the moisture operated sensor is activated 
the rain has the ability to fall into the bucket meant for dry deposition. During light rains, the 
dry deposition sampling bucket was observed to collect precipitation As there is clear 
evidence of atmospheric washout during precipitation events, it is logical to assume the first 
inputs of rain could contain the highest concentrations of nutrients. It was for this reason the 
research only focused on data on which both DD or DW and W buckets were 
uncontaminated. This allows for unbiased estimates of yearly deposition rates regardless of 
potential sampler malfunctions. 
Phosphorus deposition was not extreme compared to the estimates in recent reviews 
(Newman, 1995; Peters and Reese, 1995; A.hn and James, 2001; Pollman et al., 2002; 
Tamatamah et al., 2005; Anderson and Downing, 2006) even though this region is highly 
agriculture. Atmospheric deposition could potentially be reduced further, however, by 
lessening disturbances to the soil. Our study provides evidence agricultural disturbances to 
soil led to regional inputs of atmospheric deposition. Summertime deposition rates will most 
likely remain at the current levels provided farming practices stay the same. Because most 
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lakes in agricultural regions are P limited (Arbuckle and Downing, 2001), reducing soil 
disturbances could help to reduce eutrophication, but probably will provide its greatest 
benefit in runoff control. 
4.2 Precipitation estimates 
As rates of precipitation increase average nutrient concentrations decreased (Fig. 2). 
This washout effect agrees with results found in other studies (Golmolka, 1975; Shaw et al., 
1989; Anderson and Downing, 2006). This data also provides evidence that greater amounts 
of rainfall lead to increased rainfall nutrient deposition rates (Fig 3). 
4.3 Different surface type estimation and deposition rates 
NHX dry deposition to water in samples may not be representative of what is 
deposited to the surface of a water body (Larsen et al., 2001). This caused us to exclude 
most of the bulk deposition data during the fall, winter, and early spring. Accurately 
measuring NHX deposition to bodies of water requires several site-specific variables to be 
known (i.e., airborne concentration of NH3 and NH4+, water concentration of NH3 and NH4
+, 
pH, temperature, salinity, and particulate deposition velocity). These variables are then put 
into several equations including Henry's Law. Henry's Law shows an increase in water 
equilibrium levels with the atmosphere can vary by almost an order magnitude as pH 
decreases by one unit. This does not mean NH3 deposition is not important. It is clear that 
NHX transport is very important as removal of NH3 from wet TN estimates significantly 
lowered the estimation of TN deposition. Ammonia conversion to NH4+ is a maj or sink for 
atmospheric NH3 gas in the form of particles or in precipitation (Schlesinger and Hartley, 
1992). 
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Dry deposition of NHX did reveal some very interesting information. Dry deposition 
of NHX to dry surfaces is likely to represent ammonium CNH4+) deposition in the particulate 
phase (Schlesinger and Hartley, 1992; Larsen et al., 2001). This study found a yearly 
deposition rate of NH4+ that was over three times the estimated rate of deposition in a study 
conducted at Long Island Sound, Connecticut (Hu et al., 1997). When compared to a study 
done in Nevada, our data showed deposition rates approximately five times higher than those 
measured at Lake Tahoe (Jassby et al. , 1994). The lack of DD data and the known 
differences between NHX dry deposition to a wet surface added an unacceptable level of 
uncertainty to any yearly estimates. The limited data that was available from 2004 and 2005 
was strikingly similar to the estimations collected in 2003, in that the combined average 
deposition rate was 0.139 mg m-2 day 1 , compared to the average deposition rate of 0.184 mg 
m-2 day 1 found in 2003 (Anderson and Downing, 2006). We have shown that P deposition 
rates do not vary substantially among years. It is likely that NH4+ deposition would follow 
the same pattern of small interannual variation because our NH4+ average deposition rate 
contained a 95 % confidence interval which overlaps (by 0.086 mg m-2 day 1) the complete 
2003 data set. Further justification of a lack of extreme interannual variation is provided 
when comparing rates of deposition with a study using six years of data. Although showing 
lower overall deposition rates, the six year study only had a standard deviation of 8µg m-2
day 1 between annual estimates (Jassby et al., 1994). This provides further evidence that our 
incomplete DD deposition estimates were representative of average year long totals and rates 
of deposition of NH4+ are very high in this region. 
Since NH4+ is a sink for NH3 gas and deposition rates of NH4+ were higher in this 
study than in studies in less agricultural regions (Jassby et al., 1994; Hu et al. , 1997; Larsen 
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et al., 2001) it is probable that gaseous NH3 concentrations in the atmosphere are much 
higher in our region. Studies have shown bodies of water taking up atmospheric NH3 
(Larsen et al. , 2001) resulting in a net increase of N. If NH3 concentrations are higher in this 
region, as believed, the transport of gaseous NH3 into bodies of water with could be very 
significant. Studies have reported highly variable airborne concentrations of NH3 (Larsen et 
al., 2001) and local sources of NH3 such as large animal confinements in close proximity to 
bodies of water could have direct impacts on airborne NH3 levels and deposition rates. The 
Midwest United States has a large and increasing number of confined animal feeding 
operations (Simpkins et al., 2002). Some animal feeding operations have been shown to 
routinely exceed emission rates 45 kg day 1 of NH3 (Zahn et al., 2001). This release of NH3 
violates the reporting threshold that is currently enforced under the Comprehensive 
Environmental Response, Compensation, and Liability Act (Zahn et al. , 2001) and could 
significantly affect airborne NH3 levels and cause significant gaseous and particulate 
deposition rates to lakes. Bodies of water with low NHX concentrations would be more 
susceptible to this potential N source as they could absorb the most NH3 from the air. Based 
on equations of Larsen et al. (2001), in a simplified aquatic system at a pH of 8, assuming air 
and water temperatures of 25°C, and an airborne concentration of NH3 of approximately 1 
ppb this aquatic system would equilibrate at 0.020 mg L-1 of NHX-N. If airborne 
concentrations of NH3 increase to approximately 10 ppb this same aquatic system would 
equilibrate at 0.200 mg L-1 of NHX-N. 
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5. Conclusion 
Atmospheric transport and deposition of nutrients can be a significant source of 
nutrients to ecosystems. Dry deposition of P is more important than wet deposition and any 
study not taking dry deposition into account will underestimate the amount of P deposited to 
a lake or landscape. It is likely that contamination more than anything else has been the 
principal cause of extreme estimates of P deposition in the past, but atmosphere P deposition 
could impact nutrient budgets of waterbodies with large ratios of water surface area to 
watershed. 
Total nitrogen estimates include a large amount of NHX indicating the deposition of 
NHX is critical to N transport and deposition. According to the US-NADP ammonium 
deposition maps, NH4+ has been increasing in the Midwest and the large number of animal 
confinements and fertilizer likely contribute to this increase (US-NADP, 2005). This could 
greatly effect N deposition to lakes and other water courses since gaseous NH3 is very 
hydrophilic. More research is needed to relate NHX concentrations directly to deposition. 
Ammonia levels near lakes should be measured to accurately calculate deposition rates. 
Waterbodies offer many sinks to NH3 including conversation to NH4+ predicted by pH, and 
nitrification by ammonia oxidizing bacteria (e.g., Nitrosomonas spp.). Atmospheric nutrient 
deposition shows noticeable temporal variation in agricultural regions. Land disturbance and 
land use practices must influence these trends. It is also likely that some non-anthropogenic 
sources, such as plant pollen, could be represented in atmospheric transport. The reduction 
of atmospheric P transport depends on limiting particles from becoming airborne and 
suspended in the atmosphere. Measures to reduce TN and NHX transport must focus on 
reducing or eliminating the volatilization of NHX into the atmosphere. 
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Table 1. Sample size, mean, median, and standard errors for nutrients collected by 
automated samplers. Statistics were calculated across 2004 and 2005 when uncontaminated 
samples were present for analysis. Deposition type represents dry deposition to a dry surface 
(DD), dry deposition to a wet surface (DW), and wet deposition (W). 
Anal e 
Deposition n Mean Median S E or
rd
Yt Yl~ 
TP DD 23 47 41 7.166 
(µg m Z day ~) DW 8 43 27 15.140 
W 31 19 15 2.820 
NHX-N DD 22 0.139 0.11 0.02 
(mg m 2 day ~) DW 8 2.235 2.12 0.40 
W 30 1.420 0.95 0.02 
TN DD 23 1.000 0.97 0.10 
(mg m 2 day ~) DW 8 3.618 3.31 0.71 
W 31 2.076 1.56 0.31 
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Table 2. Comparisons using the Wilcoxon signed-rank test for dry deposition to a dry 
surface (DD), dry deposition to a wet surface (DW), and wet deposition (W) rates. P-values 
are two sided except in the DD/DW comparison where a DW surface is assumed to be a 
more efficient collecting surface. Ratios were calculated using the averages. The left-hand 
measurement under "Comparison" is the numerator and the right-hand measurement is the 
denominator. An "*" after the p-value indicates a significant difference (p<0.05). 
Analyte Comparison n p-value ratio 
TP DD/DW 7 0.148 0.9 
DD/W 23 <0.001 * 2.4 
DW/W 8 0.008* 3.3 
NHX-N DD/DW 7 0.008* 0.4 
DD/W 22 <0.001 * 0.1 
DW/W 8 0.25 1.4 
TN DD/DW 7 0.078 0.6 
DD/W 23 0.015* 0.6 
DW/W 8 0.023 * 1.4 
TN-NHX-N 
+NH4+-N DD/DW 7 0.5 78 1.1 
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Figure Legends 
Figure 1. Year long deposition rates of TP. These data points are the sum of both wet and 
dry deposition. The regression line fitted is a 6 degree polynomial. 
Figure 2. Washout effect of precipitation on nutrient concentrations for all uncontaminated 
data from 2004 and 2005. 
Figure 3. Atmospheric deposition data plotted against precipitation for all analytes from 
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CHAPTER 4. GENERAL CONCLUSIONS 
Atmospheric deposition is an important source of nutrients for ecosystems. This 
study in an area with abundant nutrients has failed to show extreme values of P deposition. It 
appears many of the values in the older literature are erroneously high and contamination by 
insects is the probable culprit. This study and others found it to be a maj or problem. 
Unfortunately, this study seems to be the first which attempted to quantify insect 
contamination and test methods to eliminate it. This research has shown terrestrial insect 
contamination is not representative of inputs to lakes and other bodies of water. This 
research was able to quantify contamination and then test methods for excluding it. It has 
also shown strong evidence the use of a wet surface for measuring dry deposition increases 
the chance for contamination by insects with a bucket type measuring system. 
The local transport of nutrients has been shown to not be significant in our study area. 
This allows for two very important conclusions to be drawn. Estimates free of 
contamination, taken from land, are representative of estimates taken from the middle of 
lakes. This allows for much easier sampling designs as floating sampling devices are much 
harder to maintain and may not be able to be used in all locations. It also means once 
incorporated into the atmosphere nutrients have the potential to travel long distances. This 
allows for estimates of deposition to be taken in disturbance free areas in one location and 
applied to large spatial scales. 
Another important aspect of this research is the use of screens can effectively 
eliminate insect contamination without significantly influencing deposition rates. This 
allows for inexpensive bulk sampling devices to be used instead of the traditional automated 
72 
collecting units (costing >$2500 per sampler). These bulk sampling devices are free of 
mechanical breakdowns and power requirements which allows them to be placed in virtually 
any location. The only limitation is they cannot distinguish between dry deposition and 
precipitation deposition. This point is moot if year long estimations of total deposition rates 
are required. 
Interannual variation in atmosphere deposition appears to be fairly minimal. This 
means yearly monitoring will be required to show long-term trends. Our study has shown 
agriculture activities influence atmospheric deposition rates. Our estimated yearly P 
deposition rates are not extreme even in an agriculture area with large scale land 
disturbances. Our N data, especially NHX is in the higher range of estimates. Our estimated 
deposition rates reveal atmospheric levels of gas NH3 could be higher then estimates 
measured in nonagricultural areas. Ammonia transport could be a significant source of N to 
aquatic systems and further study in this area is recommended. 
This project has addressed and answered some fundamental issues in atmospheric 
deposition. It has shown bulk sampling devices can provide accurate estimates of P 
deposition. It is hoped with this new information estimates of deposition will be easier to 
obtain and tests will be conducted in previously untested areas. 
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APPENDIX A. WET CONCENTRATION DATA FOR ROOF TOP 
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APPENDIX B. DEPOSITION RATES FOR AUTOMATED ROOF TOP 
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APPENDIX Co BULK FLOATING SAMPLER CONCENTRATION AND 
DEPOSITION DATA LOCATED AT THE IOWA STATE UNIVERSITY 
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